Immunity to infection with Eimeria vermiformis was transferred in NIH mice by both the nylon wooladherent (B-cell-enriched) and nonadherent (T-cell-enriched) fractions of lymphocytes (spleen and mesenteric lymph node) taken from infected donors. Transfer was more variable with the adherent fraction, and when contaminating T cells were removed by treatment with anti-Thyl monoclonal antibody (MAb) and complement, this fraction lost all protective activity. The protective effect of T-cell-enriched populations of mesenteric lymphocytes was abrogated by treatment with anti-L3T4 MAb and complement in vitro before transfer or by opsonization with this MAb in vitro before intravenous inoculation into recipients. Similar treatments of cells with anti-Lyt2 MAb did not have this effect, confirming that Thyl+ L3T4+ cells mediate the adoptive transfer of immunity to E. vermiformis. Thyl+ L3T4+ cells were also shown to limit the replication of E. vermiformis in primary infections: mice depleted of this subset (by thymectomy followed by intravenous injection of anti-L3T4 MAb) passed greater numbers of oocysts over a longer period of time than did mice similarly depleted of Lyt2+ cells.
The economic importance of coccidiosis in agriculture, especially the poultry industry, has aroused much interest in immunity to infection with Eimeria spp., but the mechanisms involved are still largely unknown. There is now, however, more scope for detailed investigations, following the development (32) of a reliable and effective protocol for the adoptive transfer of immunity to a species, Eimeria vermiformis, which parasitizes the small intestine of the mouse. This host-parasite relationship is similar in many respects to those in the systems of agricultural importance, and the mouse as host offers many advantages for immunologic investigations. Earlier attempts to transfer immunity adoptively have been successful in the rat (11, 18, 20) and in domestic fowl (23) , but they necessitated the injection of very large numbers of cells. This requirement appeared to apply also in the initial work with mice, when mixtures of spleen and mesenteric lymph node (MLN) cells were used, but subsequently, it was found that protection was readily transferred with 5 x 107 MLN cells (32) . In this study, by fractionation of cell suspensions (spleen plus MLN or MLN alone) on nylon wool and the use of monoclonal antibodies (MAbs) specific to T lymphocytes and their subsets, we showed that the effective populations have the Thyl+ L3T4+ phenotype. Further evidence for the role of these cells in controlling infection with E. vermiformis was provided by comparison of the course of the infection in mice selectively depleted in vivo of L3T4+ or Lyt2+ cells.
MATERIALS AND METHODS
Mice. Female NIH mice, aged 7 to 9 weeks when inoculated with oocysts, were obtained from Olac 1976 Ltd., Shaw's Farm, Bicester, Oxford. They were kept in isolated rooms, with free access to unmedicated food (Porton rat diet; Labsure, Christopher Hill Group, Poole, Dorset) and tap water. To measure infection by examining feces, we caged the mice individually.
Parasite. The strain of E. vermiformis used, which was obtained from K. S. Todd, University of Illinois, has been maintained at Houghton for 7 years. Methods for the counting of oocysts, for the preparation of infective doses, and for measuring fecal oocyst output have been described previously (14, 30) .
Adoptive transfer. Methods for the preparation of cell suspensions and the protocols for adoptive transfer were similar to those previously used (32 Separation, selection, and identification of cells. Cells were separated by passage over nylon wool into adherent (B-cellenriched) and nonadherent (T-cell-enriched) fractions essentially as described previously (6, 8 (12) . A second similar injection was given 6 days later, and after an interval of 2 days, the mice were inoculated orally with oocysts.
Cell phenotype analysis. Nylon wool-adherent fractions of lymphocytes were incubated on ice for 30 min with either a fluorescein isothiocyanate-conjugated anti-Thyl.2 mouse MAb (Miles Laboratories, Slough, Berkshire, United Kingdom) or anti-L3T4 or anti-Lyt2 rat MAb (Sera-Lab Ltd.). With the latter MAb, the cells were then washed before further incubation with a fluorescein isothiocyanate-conjugated mouse anti-rat immunoglobulin G2b MAb (Sera-Lab Ltd). After a final washing, the cells were analyzed with a FACS IV cell sorter with appropriate light scatter and gate selection.
Hemagglutination. To provide an independent assessment of the functioning of the transferred cells, we primed the donor mice in one experiment with human erythrocytes (HRC) (2 x 108 injected intraperitoneally in phosphatebuffered saline) 6 days before transfer. Recipient mice were similarly injected 3 days after transfer and bled from the tail vein 4, 7, and 10 days later. The efficacy of in vivo depletion of L3T4+ cells was checked by measuring hemagglutinins in serum samples obtained 10 days after the injection of HRC, given on the day of inoculation of oocysts. The sera were examined in microtiter plates with 50-p.l samples of doubling dilutions of sera in phosphate-buffered saline to which was added 50 ,ul of a 1% suspension of HRC in phosphatebuffered saline containing 3% normal human serum. The plates were incubated at 37°C for 1 h (with shaking at 15-min intervals) and read after standing overnight at 4°C.
Antibody responses to E. vermiformis. Serum antibodies to E. vermiformis were measured in an enzyme-linked immunosorbent assay (ELISA) with a saline-soluble extract of sporulated oocysts as the antigen (32 Table 1 show that the highest degree of protection was afforded by the unseparated cells. Each of the enriched fractions provided a similar, but slightly lower (P < 0.01), degree of immunity; the difference between the two fractions was not significant. The recipients of cells from uninfected mice passed fewer oocysts than the untreated mice (P = 0.013), but this was not a consistent finding (data not shown).
The results of labeling with fluorescent antisera indicated that the composition of the T-cell-enriched fraction was approximately 73% T Table 2 . Again, both T-cell-enriched and B-cell-enriched fractions were protective, but this time, the recipients of the T-cell-enriched fraction passed considerably fewer oocysts than those given mainly B cells (P = 0.007). Treatment of the B-cell-enriched population with anti-Thyl MAb completely removed its protective effect. Also given in Table 2 Table 3 . These clearly show that the cells responsible for transferring immunity are L3T4+ since treatment with anti-L3T4 MAb completely removed the protective effects of the T-cell population, whereas treatment with anti-Lyt2 MAb had no significant effect. The specific depletion of T-cell subsets was confirmed by the results of hemagglutination tests and ELISAs performed on serum samples obtained from the recipients. The sera of mice which had received untreated or anti-Lyt2-treated cells from primed donors contained agglutinins on day 4 and higher titers on days 7 and 10 after the injection of HRC, whereas those given cells treated with anti-L3T4 MAb had nil or very low titers (data not shown). The results of ELISAs (Table 3) for antibodies to E. vermiformis show that, on day 6 p.i., treatment with anti-Lyt2 MAb had no significant effect on the transferred antibody response, whereas the OD values were considerably reduced by anti-L3T4 treatment. At 23 days p.i., all the mice which had received cells, irrespective of their treatments, had significantly higher amounts of antibodies in the serum than the uninjected mice (pooled mean OD values of 1/100 dilutions of serum = 0.45, compared with 0.27; P = 0.008).
Primary infections with E. verminformis in mice depleted in vivo of L3T4+ or Lyt2+ lymphocytes. Data from a preliminary experiment showed that the protocol used for in vivo injection of anti-L3T4 and anti-Lyt2 MAbs was highly effective in removing specific T-cell subsets from thymectomized mice.
In uninjected mice, the percentages of L3T4+ and Lyt2+ T cells present in the MLN, as determined by analysis with a fluorescence-activated cell sorter, were 51.2 and 20.3%, respectively. In injected mice, these values fell to 13.0 and 3.9%, respectively. With both MAbs, all highly fluorescing cells were removed; control cells exposed only to the mouse anti-rat immunoglobulin G2b MAb showed a mean fluorescence of 2.9%.
The course of infection with E. vermiformis was compared in four groups of mice, namely, thymectomized L3T4+ No./mouse (106) Patency (days) 10 21 Thymectomy followed by a-L3T4 (8) 126.2 ± 10.7* 13.3 ± 0.5* 0.20 ± 0.02* 0.34 ± 0.04* Thymectomy followed by a-Lyt2 (8) 56.8 ± 5.7t 8.8 ± 0.5t 0.38 ± 0.04t 0.61 ± 0.07t Thymectomy (8) 58.8 ± 4.2t 9.4 t 0.5t 0.47 ± 0.09t 0.73 ± 0.09t None (11) 52.9 ± 3.1t 9.0 ± 0.4t 0.53 ± 0.05t 0.74 ± 0.08t aMice were thymectomized at 4.5 weeks of age, followed by two injections, each of 400 iLg, of an antibody in 0.2 ml (or 0.2 ml of 10% fetal calf serum for controls) given i.v. 10 and 16 days after thymectomy. Numbers of mice per treatment are in parentheses. b 103 oocysts were inoculated per os. Values are mean ± standard error of the mean. Within columns, values without a common symbol are significantly different (P < 0.0001 for oocyst output and patency, P -0.02 for ELISA).
c Serum samples were diluted 1/50 and tested against a saline-soluble extract of oocysts.
depleted, thymectomized Lyt2+ depleted, thymectomized untreated controls, and intact untreated controls. The results are given in Table 4 . The oocyst output in L3T4+ depleted mice was more than double that found in the other groups, and the patent period was longer. In contrast, neither thymectomy coupled with anti-Lyt2-treatment nor thymectomy alone had any significant effect on the course of the infection. Table 4 also contains the values for circulating serum antibodies (total immunoglobulins) to E. vermiformis and shows that these were significantly lower in the anti-L3T4-treated group than in the other groups of infected mice. This result is consistent with the depletion of helpercell activity. The removal of the majority of the L3T4+ cells in the specifically treated mice was confirmed by the results of the hemagglutination tests done on serum obtained on day 10 p.i. (also day 10 after injection of HRC). The mean titer (reciprocal) for the L3T4-treated group was <10, compared with 1,360 + 693, 3,180 ± 1,233, and 3,985 ± 785 for Lyt2-treated, thymectomized only, and untreated control groups, respectively.
DISCUSSION
The data given in this paper confirm that it is possible to transfer immunity to E. vermiformis in NIH mice with large numbers of mixed MLN and splenic cells taken on days 9 and 14 p.i. or with smaller numbers of MLN cells obtained on day 11 p.i. (32) . In addition, we showed that the cells responsible for the transfer of immunity are a subset of T cells and, that primary infection is enhanced in mice selectively depleted of that subset.
Separation of effective cell suspensions by their adherence to nylon wool resulted in two populations, each of which was protective, but this property was more variable in the adherent fraction. Immunofluorescent staining confirmed the T-cell and B-cell enrichment of, respectively, the nonadherent and adherent fractions but showed that the adherent fractions contained variable numbers of T cells. Treatment of the adherent fraction with anti-Thyl serum resulted in the abrogation of all protective activity, thus confirming previous demonstrations of the T-cell dependence of immunity to eimerian infections in mice (10, 16, 30) and in rats (22, 24, 29) .
The results obtained when mice were given purified subsets of immune T cells suggest that the cells responsible for the adoptive transfer of immunity are L3T4+ T cells and that Lyt2+ T cells play little, if any, part. Corroborative evidence for a major role for L3T4+ cells in the control of infection with E. vermiformis was provided by comparison of the course of infection in mice depleted in vivo of specific subsets. Oocyst output was greater and more prolonged in mice depleted of L3T4+ cells, whereas there were no significant differences between Lyt2+-depleted mice and the control groups. These findings parallel those obtained in studies of immunity to other intestinal parasites of the mouse, such as Giardia muris (7) and Trichinella spiralis (5), despite their very different nature and habitats. Since nude mice have a selective deficiency of L3T4+ cells (15) there is also correlation with the inability of these animals to control primary infections with E. vermiformis (25) and to become resistant to reinfection with this parasite (30) .
The mode of action of L3T4+ cells in inhibiting the replication of E. vermiformis is not known. Such cells are important in the induction of antibody responses to many antigens, which probably include those of eimeria as nude rats do not produce serum antibodies to E. nieschulzi (22, 31) . There are no published data on the intestinal antibody responses of nude rats or mice to eimeria antigens, but since gut-associated murine L3T4+ lymphocytes are known to be important in the induction of local immunoglobulin A antibodies to enterically administered antigens (9) , it is likely that these antibodies also would be lacking in the highly susceptible nude animals. However, although antibodies do play a role in immunity to eimeria infections, it appears to be a limited one (see review in reference 21) and it is more likely that the greater part of the contribution of the L3T4+ cells in this system is via some other protective mechanism. Some support for this viewpoint is provided by the data presented in Table 2 , in which higher values in a parasite antigenspecific ELISA do not correlate with lowered oocyst production. It must be borne in mind, however, that these are values for serum antibodies, not the (presumably) more relevant local secretory antibodies elicited by eimeria infections in mice (3), rats (31) , and chickens (2, 13, 17, 26, 34 ). Additionally, a higher level of protection was occasionally obtained with (untreated) B-cell-enriched populations (e.g., see Table 1 ) than can reasonably be attributed to the likely numbers of contaminating T cells. In these instances, it is, of course, possible that both B and T cells were acting in concert. Alternatively, as the T cells may act via a mediator (see below), it is highly probable that the effect is not strictly dose dependent.
Other possible modes of action of L3T4+ cells in mediating immunity in eimerian infections include their induction of cytotoxic activity, the recognition of targets in conjunction with major histocompatibility complex class II antigens, and the production of lymphokines which may act against the parasite within the host cell and/or stimulate the proliferation of a variety of cell types, including inflammatory ones. Inflammation is a notable feature of the host response to coccidial infections (4), but there is little to suggest that any one cell type is associated with the limitation of replication of the parasite in either primary or secondary infections. It is tempting to speculate that some form of cytotoxicity might be effective against this intracellular parasite since antigens of E. tenella are detectable on the surface of infected crypt enterocytes (unpublished observations) and the abrupt termination of infection with E. vermiformis in the resistant BALB/c mouse strain is accompanied by considerable destruction of infected crypts (28) . Nevertheless, the transfer of Lyt2+ cells from primed donors appeared to be ineffective.
The production of inhibitory lymphokines by sensitized T cells is an attractive hypothesis. In the chicken, inhibition of development of the sporozoite is the major feature of the expression of immunity to challenge with E. tenella (27) , and inhibitory factors, both specific and nonspecific (probably gamma interferon), have been implicated in immunity against the coccidium Toxoplasma gondii (e.g., see references 1 and 19) as well as in other, unrelated intracellular protozoa. There are no reports to date of an inhibitory lymphokine specific for eimeria, but concanavalin A-stimulated bovine T lymphocytes have been shown to produce a factor capable of inhibiting the development of E. bovis and E. papillata in cultured bovine monocytes, but not in cultured bovine kidney cells (33) .
Further work aimed at the identification of the T-cell subsets which proliferate in the MLN in response to infection and the possible production of T-cell lines should provide some insight into the mechanisms of immunity in this system. A study of the effects of transferred cells on the development of the parasite in vivo, together with an investigation of cytotoxicity and inhibition in vitro, should also be informative. ACKNOWLEDGMENTS Barbara Fisher and Angela Stebbings provided technical assistance, and the animals were cared for by Peter Townsend and his staff.
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